The Arabidopsis zigzgag ( zig ) is a loss-of-function mutant of Qb-SNARE VTI11 which is involved in vesicle traffi cking between the trans -Golgi network (TGN) and vacuoles. zig-1 exhibits abnormality in both shoot gravitropism and morphology. To elucidate the molecular network of the post-Golgi membrane traffi cking in plant cells, we have isolated the suppressor mutants of zig . Here we report zig suppressor 2 ( zip2 ) and zip4 that are recessive mutants and partially suppress abnormality in both gravitropism and morphology. ZIP2 encodes AtVPS41/ AtVAM2 protein that is thought to be an Arabidopsis ortholog of yeast Vps41p/Vam2p, which is involved in protein sorting to vacuoles as a subunit of the tethering complex HOPS. Yeast Vps41p is also proposed to function in budding of adaptor protein (AP)-3-coated vesicles from the Golgi. The zip2 mutation is a missense mutation in a conserved amino acid of a putative clathrin heavy chain repeat (CHCR) domain. AtVPS41 is a single-copy gene in the Arabidopsis genome and the T-DNA insertion mutant appears to be lethal, whereas the zip2 single mutant showed no obvious phenotype. On the other hand, zip4 is a loss-of-function mutant of a putative ortholog of the yeast AP-3 µ subunit. In addition, loss-of-function mutants of other subunits of AP-3, ap-3 β and ap-3 δ , also exhibit a suppressive effect on the zig-1 phenotype. Although these genes are also single-copy genes in the genome, the loss-of-function mutants of AP-3 grow normally. Our results suggest that AtVPS41 and AP-3 play roles in the proper function of the post-Golgi traffi cking network and support membrane traffi cking to vacuoles.
Introduction
In higher multicellular eukaryotes, highly specialized endomembrane compartments and membrane traffi cking interconnecting the compartments are required to support various cellular functions. Membrane traffi cking is essential for transport of proteins and lipids to the proper compartments to maintain the functions of organelles and cells, in addition to higher order functions, such as developmental processes.
The completion of the genomic sequence of Arabidopsis has led to reverse genetic studies of membrane traffi cking in plant cells. However, the existence of redundant genes often makes it diffi cult to study their physiological functions. Lossof-function mutations in essential genes without redundancy may result in lethality, whereas mutations in redundant genes often give rise to a subtle phenotype. So far, not many genetically characterized components of membrane traffi cking have been found using loss-of-function mutants in plant cells, though a large number of genes are known to be involved in the traffi cking process ( Rojo and Denecke 2008 ) .
We have isolated the Arabidopsis zigzag ( zig ) mutant, a loss-of-function mutant of the gene encoding Qb-SNARE VTI11, which exhibits a defect in shoot gravitropism ( Yamauchi et al. 1997 . SNAREs (soluble NSF
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attachment protein receptors) play an important role in specifi c membrane fusions of transport vesicles and endomembrane compartments. These protein receptors are assigned to subgroups (Qa-, Qb-, Qc-and R-SNARE) depending on the presence of a conserved glutamine or aspartate within the central 0-layer of the SNARE helices ( Fasshauer et al. 1998 ) . A specifi c set of three Q-SNAREs located on one membrane and one R-SNARE on the opposite membrane can interact to form a tight trans -SNARE complex, leading to membrane fusion , Bock et al. 2001 . VTI11 is localized to the trans -Golgi network (TGN), the pre-vacuolar compartment (PVC) and vacuoles , Uemura et al. 2004 , Niihama et al. 2005 and forms a SNARE complex with Qa-SNARE SYP22/SGR3/VAM3, Qc-SNARE SYP5 and R-SNARE VAMP727 probably in the PVC and vacuoles ( Sato et al. 1997 , Sanderfoot et al. 2001 , Yano et al. 2003 , Ebine et al. 2008 . The intracellular localization of VTI11 and its cognate SNAREs indicates that VTI11 functions in membrane traffi cking between the TGN and the PVC/vacuoles. Consistently, abnormal vacuolar structures have been observed in zig-1 mutant cells .
The gravitational stimulus is probably perceived as the movement of amyloplasts that sediment towards the direction of gravity in the endodermal cell in Arabidopsis shoots ( Fukaki et al. 1998 . In zig-1 cells, amyloplatsts do not sediment in the direction of gravity, resulting in abnormal shoot gravitropism . In addition, a dynamic vacuolar structure, including transvacuolar strands and the membrane surrounding the amyloplasts, is not observed and this probably results in abnormal amyloplast dynamics . A similar vacuolar and amyloplast phenotype in endodermal cells is observed in other sgr mutants such as sgr2 , sgr3 and sgr8/ grv2/kam2 . All of the genes responsible for these mutants have been suggested to be involved in post-Golgi membrane traffi cking , Yano et al. 2003 , Silady et al. 2004 , Shimoi et al. 2005 , Tamura et al. 2007 , Kanamori et al, 2008 , Silady et al. 2008 . Among these genes, sgr3 is an amino acid substitution mutant of SYP22 which exhibits reduced shoot gravitropism ( Fukaki et al. 1996b , Yano et al. 2003 . sgr3 -type SYP22 exhibits a reduced ability to form a SNARE complex with ZIG/VTI11 and SYP5 ( Yano et al. 2003 ) . These facts suggest that the status of membrane traffi cking to vacuoles in endodermal cells affects shoot gravitropism in Arabidopsis.
To elucidate the genetic network of membrane traffi cking to vacuoles, we have performed a screen to identify mutants that can suppress the phenotype of zig-1 . We have identifi ed zig suppressor1 ( zip1 ) as a dominant suppressor mutant of zig-1 . zip1 is a missense mutation of VTI12, a paralog of ZIG/VTI11 and gave VTI12 the ability to function as VTI11 by altering both the specifi city of SNARE complex formation and the subcellular localization ( Niihama et al. 2005 ) . Another suppressor mutation zip3 is a recessive lossof-function mutation of VPS35A that is involved in retrograde transport from the PVC to the TGN (Y. Hashiguchi et al. unpublished) . In zip1 zig-1 and zip3 zig-1 , amyloplast sedimentation was restored and vacuolar and amyloplast dynamics in the endodermal cells were completely and partially recovered, respectively. The extent of suppression of the cytological phenotype in endodermal cells correlates with the extent of suppression of the physiological phenotype on gravitropism. The gravitropic phenotype is likely to correlate with aberrant membrane traffi cking to vacuoles in endodermal cells. Therefore, the gravitropic phenotype would be a sensitive marker to monitor the status of membrane traffi cking in endodermal cells, which is cryptic in the absence of the zig-1 mutation.
Here, we report new zig suppressor mutants, zip2 and zip4. Both zip2 and zip4 are recessive mutations and they partially suppressed the abnormality of zig-1 in both gravitropism and morphology. In addition, zip2 and zip4 single mutants did not exhibit a remarkable phenotype. ZIP2 encodes AtVPS41 that is suggested to be an Arabidopsis ortholog of yeast Vps41 / Vam2. Yeast Vps41p is thought to be a bi-functional protein as a component of the HOPS complex, which is a tethering complex for fusion at vacuoles, and as a component of adaptor protein (AP)-3-coated vesicles from the Golgi. On the other hand, ZIP4 encodes an ortholog of the yeast medium (µ) subunit of AP-3 that is involved in protein sorting from the Golgi to the vacuole directly in yeast cells. Thus, screening of zip mutants probably enables us to identify and analyze various factors involved in the traffi cking pathway to vacuoles in plant cells as expected.
Results

Phenotypic characterization of the zip2 and zip4 mutants
The zig mutation causes pleiotropic defects in the plant's morphology. The rosette leaves of the zig-1 mutant are small and wrinkled ; Fig. 1E, F ; Supplementary  Table S1 ). Both the primary and lateral shoots of zig-1 elongate in a zigzag fashion, i.e. stems bend at the nodes in the opposite direction to the cauline leaves or buds ; Fig. 1A , B , Supplementary Table S2 ). In addition, the length of the internodes in the second metamer is shorter in zig-1 than that in the wild-type plant, particularly the proximal internodes ; Fig. 1A, B ; Supplementary  Table S3 ). zip2 and zip4 were isolated as suppressor mutants of zig-1 from ethylmethane sulfonate (EMS)-mutagenized zig-1 seeds ( Niihama et al. 2005 ) . Both are recessive mutations that partially suppress the stem phenotype of zig-1 ( Fig. 1B, C, I ). Although the lengths of petioles and the leaf blade of zig-1 were much shorter than those of the wild type, the values were intermediate in zip2 zig-1 ( Fig. 1E , F, G ; Supplementary Table S1 ) . Parameters indicating the stem morphology of zip2 zig-1 , such as the angles between adjoining internodes and the length of internodes, were smaller than those of the wild type but signifi cantly larger than those of zig-1 (Supplementary Table S2, S3) . Similarly, the stem morphology of zig-1 was partially suppressed by zip4 mutation (Supplementary Table S5, S6) . In contrast to zip2 , zip4 scarcely suppressed the leaf morphology of zig-1 ( Fig. 1E, F, K ; Supplementary Table S4 ). These results indicate that zip2 suppresses the zig-1 morphological phenotype as a whole, whereas the suppressive effect of zip4 on zig-1 is likely to be specifi c for stem morphology. The zip2 single mutant was almost indistinguishable from the wild-type plant. There was no signifi cant difference between the zip4 single mutant and the wild type (data not shown).
After being placed horizontally, wild-type infl orescence stems bent upward and became nearly perpendicular within approximately 90 min, whereas the zig-1 infl orescence stems showed little response ( Fig. 1M ), as reported previously ( Fukaki et al. 1996a , Yamauchi et al. 1997 . In contrast, the curvature of zip2 zig-1 infl orescence stems reached 90 ° after 120 min, while that of zip4 zig-1 did not reach 90 ° even within 390 min ( Fig. 1M ). On the other hand, zip2 and zip4 single homozygous mutants exhibit a nearly normal and slightly reduced gravitropic response, respectively ( Fig. 1M ). These results demonstrate that both zip2 and zip4 partially suppress both the morphological and gravitropic phenotypes of zig-1 though the extent of the suppressive effect of each mutant is different.
Cloning of ZIP2 and ZIP4
A slight difference in phenotype between zip2 zig-1 and zip4 zig-1 suggests that each gene may encode a different gene. To identify the genes responsible, we fi rst tried to map the ZIP2 locus. Rough mapping using F 2 progeny derived from a cross between zip2 zig-1 Columbia (Col) background] and zig-3 [Wassilewskija (Ws) background] showed the position of the ZIP2 locus to be on the Northern part of chromosome I. Then, F 2 progeny from a cross between zip2 zig-1 and a hybrid line zig -L er (see Materials and Methods) were used to map the ZIP2 locus precisely. By analyzing 270 independent F 2 progeny of the latter cross, the locus was narrowed down to a region between a polymorphic marker on bacterial artificial chromosome (BAC) F10K1 and that on BAC F22O13 ( Fig. 2A ) . By sequencing zip2 zig-1 genomic DNA, a one-base change was found in a predicted open reading frame (ORF) AtVPS41 ( At1g08190 ), resulting in an amino acid substitution of Gly721 for arginine in the AtVPS41 gene product in zip2 zig-1 ( Fig. 2A , Supplementary Fig. S1 ). A 9.2 kb wildtype genomic fragment containing the AtVPS41 ORF, putative promoter region (2.5 kb) and 3 ′ downstream region (0.9 kb) was cloned and introduced into zip2 zig-1 plants for a complementation test ( Fig. 2A, B ) . Infl orescence stems of the transgenic plants exhibited abnormal stem morphology similar to the zig-1 single mutant ( Fig. 2B ). This result demonstrates that AtVPS41 is the ZIP2 gene. AtVPS41 encodes a putative ortholog of yeast Vps41p/ Vam2p, which is involved in protein traffi cking to the vacuole and biogenesis of vacuoles as a subunit of the HOPS tethering complex , Radisky et al. 1997 ). In addition, Vps41p is also suggested to be involved in vesicle budding from the Golgi by interacting with AP-3 ( Rehling et al. 1999 , Darsow et al. 2001 ). Since zip2 is a missense mutation, we tried to observe the phenotype of the AtVPS41 null mutant allele. SALK T-DNA-inserted lines (SALK_076372 and SALK_150724) were analyzed ( Supplementary Fig. S2 ). Table S7 ), suggesting that the null allele of AtVPS41 is lethal (Supplementary Table S1 ). In contrast, the zip2 single homozygous mutant showed no obvious phenotype under normal growth conditions ( Fig. 1 ) .
Homozygotes were not obtained for either insertion line (Supplementary
Next, we tried to map the ZIP4 locus based on the same strategy as cloning of ZIP2 . The ZIP4 locus was mapped on the Southern part of chromosome I, indicating that ZIP4 is distinct from ZIP2 . By analyzing a mapping population of 101 independent F 2 progeny, the locus was narrowed down to a region between a polymorphic marker on BAC F10K1 and that on BAC T30E16. We found a single G to A substitution at an intron-exon junction site in At1g56590 . For complementation analysis, we cloned a wild-type genomic fragment of At1g56590 including a 3.0 kb putative promoter region, a coding region and 3 ′ downstream region (0.9 kb). The transgenic zip4 zig-1 plants containing the cloned genomic fragment exhibited a zig -like stem morphology. These results demonstrate that ZIP4 is At1g56590 .
At1g56590 is annotated as the clathrin adaptor complexes medium subunit family protein. AP complexes are involved in the formation of intracellular transport vesicles and in the selection of cargo for incorporation into the vesicles (reviewed in Boehm and Bonifacino 2001 ) . Three or four types of AP (AP-1, AP-2, AP-3 and AP-4) are expressed in all eukaryotic cells, and each AP is composed of two large subunits, one medium subunit and one small subunit. Based on the sequence homology, At1g56590 is deduced to be the AP-3 medium subunit ( Bassham et al. 2008 ) . AP complexes are components of protein coats that associate with the cytoplasmic face of organelles of the secretory and endocytic pathway. AP-3 mediates sorting at the TGN and/or endosomes in animal and yeast cells ( Cowles et al. 1997 , Stepp et al. 1997 ). Although it is unclear whether AP-3 is also involved in a similar traffi cking pathway in Arabidopsis cells, partial overlapping of the intracellular localization of a green fl uorescent protein (GFP)-tagged AP-3 large subunit with EpsinR2 ( Lee et al. 2007 ) suggests that AP-3 plays roles in post-Golgi membrane traffi cking. Taken together, both ZIP2 and ZIP4 encode proteins which are probably involved in membrane traffi cking. For further analyses, we focused on the zip4 zig mutant.
zip4 is a loss-of-function mutant of the AP-3 µ subunit
In the zip4 zig-1 mutant, one nucleotide substitution (G to A) was found at the last nucleotide in the third intron in At1g56590 encoding the AP-3 µ subunit ( Figs. 2C , 3C ).
To investigate further what kind of molecular lesion has occurred in the AP-3 µ subunit in zip4 zig-1 , we tested whether At1g56590 mRNA is expressed in the mutant. We used the primer set that can amplify almost full-length cDNA for reverse transcription-PCR (RT-PCR) analysis ( Fig. 3A ) . The size of the amplifi ed DNA fragment in zip4 zig-1 was indistinguishable from that in the wild type when the samples were subjected to agarose gel electrophoresis ( Fig. 3B ). Then, we cloned their DNA fragments and analyzed their sequence. Eleven nucleotides of the fourth exon were deleted in ZIP4 cDNA from zip4 zig-1 , probably due to a zip4 mutation at the splicing acceptor site of the third intron. The deletion occurring in transcripts probably causes a frameshift, resulting in production of truncated AP-3 µ protein ( Fig. 3C ). T-DNA insertion mutants of At1g56590 ( ap-3µ-1 , SALK_015332; ap-3µ-2 , SALK_064486; ap-3µ-3 , SALK_127431) provided by the SALK Institute were also examined to determine whether they could be zip mutants ( Fig. 3A ) . Full-length cDNA was not detected by RT-PCR in any of the T-DNA insertion mutants, suggesting that these mutants do not produce a normal AP-3 µ subunit. All double mutants ( ap-3µ-1 zig-1 , ap-3µ-2 zig-1 and ap-3µ-3 zig-1 ) exhibited a signifi cant gravitropic response comparable with that of zip4 zig-1 ( Fig. 3E ) and stem morphology similar to that of zip4 zig-1 (Supplementary Fig. S3, Fig. 1I ), demonstrating that all T-DNA insertion mutants can act as zip mutants. It is not clear whether these mutants including zip4 are functionally null alleles or not. However, the AP-3 µ subunit in the zip4 mutant is deduced to lack four-fi fths of its polypeptide including a functionally important conserved domain. Taken together, loss-of-function mutation of the AP-3 µ subunit exhibits suppressive effects on the zig-1 phenotype. It should be noted that single mutants of all alleles showed no obvious phenotype ( Fig. 1J and Supplementary Fig. S4 ).
zip4 also suppresses the cytological phenotype of zig-1 in endodermal cells
In Arabidopsis shoots, endodermal cells serve as the gravitysensing cells and contain amyloplasts that sediment in the direction of gravity ( Fukaki et al. 1998 ) . Although some amyloplasts of zig-1 were located at the bottom edge of the endodermal cells, many amyloplasts remained at the top edge of the cells, as previously reported . To investigate the suppressive effect of zip4 on the cytological phenotype of zig-1 , we observed living endodermal cells using a vertical microscope system . For these studies, we used the autofl uorescence of the plastid and fl uorescence derived from a GFP-γ -tonoplast intrinsic protein (TIP) fusion protein, which is localized to vacuolar membrane, to visualize amyloplasts and the vacuolar membrane, respectively. In wild-type endodermal cells, amyloplasts dynamically moved within the cells but their overall localization is biased in the direction of gravity ( Fig. 4A ; Saito et al. 2005 ). In addition, almost all amyloplasts are enclosed by the vacuolar membrane, which is dynamic and deformable. In contrast, amyloplasts which are not enclosed by vacuolar membrane were positioned at the cell periphery and hardly moved in zig-1 ( Fig. 4B ; Saito et al. 2005 ) . A number of smaller vacuoles in addition to a large central vacuole, none of which is dynamic and deformable, were found in zig-1 . The most remarkable difference in physical characteristics of the amyloplasts and vacuolar membrane between zig-1 cells and zip4 zig-1 cells is that their dynamic movements were signifi cantly recovered in zip4 zig-1 . Not all, but some, amyloplasts sedimented in the direction of gravity and were surrounded by vacuolar membrane ( Fig. 4C ). In addition, small and fragmented vacuoles were hardly observed in zip4 zig-1 cells. This result indicate that the zip4 suppressor mutation appears partially to restore the functional integrity of the vacuoles, suggesting that the zip4 mutation may partially restore a defect in membrane traffi cking caused by loss of function of ZIG/VTI11. Moreover, the intermediate recovery of the cytological zig-1 phenotype by the zip4 mutation correlates with partial suppression of the gravitropic phenotype ( Fig. 1 ) . Compared with wildtype cells, however, some abnormalities in vacuolar structure, such as increased incidence of bulb-like structures and labile, thin, and branched transvacuolar strands, were occasionally found in zip4 zig-1 . Interestingly some vacuolar characteristics found in zip4 zig-1 were also observed in the zip4 single mutant ( Fig. 4D ) , indicating that loss-of-function mutation of the AP-3 µ subunit may affect the vacuole structure of the endodermal cells, although the zip4 single mutant appeared to be an almost normal plant ( Fig. 1J ).
The VTI12-SYP22 complex may not be involved in the suppressive effect of zip4 on zig-1
We have found that VTI12 is involved in suppression in the case of zip1 zig-1 , vps26a zig-1 and possibly zip3 zig-1 ( Niihama et al. 2005 , Y. Hashiguchi et al. unpublished) . ZIG/ VTI11 interacts with SYP22 on the PVC/vacuole, whereas VTI12 forms a complex with SYP4 on the TGN in wild-type cells ( Sato et al. 1997 , Sanderfoot et al. 1999 , Sanderfoot et al. 2001 , Uemura et al. 2004 ). zip1 , a gainof-function mutation of VTI12 , altered the intracellular localization and SNARE partner of VTI12, resulting in substitution of zip1 -type VTI12 for VTI11. Overexpressed wild-type VTI12 can suppress the zig-1 phenotype in a dosedependent manner ( Surpin et al. 2003 ) , probably due to the ability of wild-type VTI12 to substitute for VTI11. Furthermore, we recently reported the possibility that missorting to PVC/vacuoles of VTI12 in zip3 zig-1 and in vps26a zig-1 , probably due to dysfunction of retrograde transport from the endosome to the TGN, also can partially suppress the zig-1 phenotype (Y. Hashiguchi et al. unpublished). Therefore, we tried to test whether VTI12 is also involved in suppression of the zig-1 phenotype in zip4-1 zig-1 cells. We analyzed the amount of VTI12 forming a complex with SYP22 by using anti-SYP22 antibody to immunoprecipitate protein from extracts prepared from the infl orescence stem from zig-1 and zip4 zig-1 plants ( Fig. 5A, B ) . In zig-1 plants, a small amount of VTI12 protein formed SNARE complexes with SYP22, suggesting that wild-type VTI12 has some ability to interact with SYP22 but it was not suffi cient to substitute for VTI11 function ( Niihama et al. 2005 ) . Unlike the cases of zip1 zig-1 or vps26a zig-1 , there is no signifi cant difference in the amount of VTI12 co-immunoprecipitated with SYP22 between zig-1 and zip4 zig-1 ( Fig. 5A, B ) . We cannot exclude the possibility that the difference in the amount of VTI12 is too subtle to detect by co-immunoprecipitation analysis since the suppressive effect of zip4 is only partial. However, this result suggests that VTI12-SYP22 complex formation may not be involved in the mechanism underlying suppression of the zig-1 phenotype by zip4 in contrast to the cases of zip1 and vps26a .
We also tested the possible role of VTI12 in zig suppression of zip2 ( Fig. 5C, D ) . The amount of VTI12 co-immunoprecipitated with SYP22 in zip2 zig-1 did not increase but rather signifi cantly decreased compared with that in zig-1. The statistical signifi cance against zig-1 control was tested using a Student t -test ( P < 0.05). Similar to the case of zig4 zig-1 , VTI12-SYP22 complex formation may not be involved in the suppression in zip2 zig-1 .
Dysfunction of AP-3 components suppresses the zig-1 phenotype
AP-3 is composed of two large subunits ( δ and β ), one µ subunit and one small subunit ( σ ). Each orthologous gene exists in the Arabidopsis genome as a single-copy gene ( AP-3 δ , At1g48760; AP-3 β , At3g55480; AP-3 σ , At3g50860 ; Bassham et al. 2008 ) . The molecular lesion found in zip4 causes loss of function of the AP3 µ subunit, probably resulting in dysfunction of AP-3. To test whether mutations in other subunits can be suppressors of zig-1 , we obtained T-DNA insertion lines (SALK_ 069881, ap-3 δ ; SAIL_1258_G03, ap-3 β ; FLAG_110B09 and SALK_029791; ap-3 σ ) and analyzed them. With respect to ap-3 σ , we could not confi rm the T-DNA insertion by PCR testing in either T-DNA insertion line, whereas we can obtain homozygous mutant lines for ap-3 δ and ap-3 β ( Fig. 6A, B , Supplementary Fig. S5 ). We confi rmed that transcripts could not be detected in either mutant at least by RT-PCR analysis with the primer sets indicated in Fig. 6A and B . The T-DNA insertion lines were crossed to zig-1 and tested for shoot gravitropism ( Fig. 6C ). Infl orescence stems of both ap-3 δ zig-1 and ap-3 β zig-1 showed a signifi cant gravitropic response comparable with that of zip4 zig-1 . In addition, the morphological phenotype of zig-1 was also partially suppressed both by ap-3 β and by ap-3 δ (Supplementary Fig. S6 ). These results demonstrate that loss-of-function mutations of three components of AP-3, ZIP4/AP-3µ , AP-3 δ and AP-3 β , suppress the zig-1 phenotype to a similar extent. This suggests a close relationship between these three proteins, implying that AP-3 µ, AP-3 δ and AP-3 β constitute AP-3. Furthermore, our results indicate that dysfunction of AP-3 can suppress the zig-1 phenotype caused by a loss-of-function mutation of Qb-SNARE VTI11.
Discussion
Functional defi ciency of AP-3 suppresses the loss-of-function mutant of Qb-SNARE VTI11, zig-1
Here, we have demonstrated that ZIP4 is At1g56590 encoding the AP-3 µ subunit ( Fig. 1 and 2 ). AP complexes are involved in the formation of transport vesicles as coat protein complexes and in selection of cargo for incorporation into the vesicles ( Boehm and Bonifacino 2001 ) . There are four basic AP complexs (AP-1-AP-4). Each complex is composed of two large subunits (one each of γ / α / δ / ε and β 1-4, respectively), one medium subunit (µ1-4) and one small subunit ( σ 1-4), whereas yeast, Drosophila melanogaster and Caenorhabditis elegans have only three APs ( Boehm and Bonifacino 2001 ) . Arabidopsis has four APs and all genes encoding AP-3 subunits are single-copy genes in the genome. In yeast and mammals, it has been suggested that AP-3 is involved in vesicle traffi cking of TGN/endosome-, vacuole/lysosome-and TGN/endosome-lysosome-related organelles ( Cowles et al. 1997 , Yang et al. 2000 , Dell'Angelica, 2009 ). In Arabidopsis protoplasts, the AP-3 δ subunit is co-localized with EpsinR2 which is thought to be involved in membrane traffi cking. In addition, EpsinR2 is partially co-localized with VTI12 that is a Qb-SNARE on the TGN ( Lee et al. 2007 ). These results imply that AP-3 is involved in protein traffi cking between the TGN and vacuoles.
Here, we demonstrated that not only the loss-of-function mutants of the AP-3 µ subunit but also those of the AP-3 β and δ subunits suppress the zig-1 phenotype. The result suggests that AP-3 µ, AP-3 β and AP-3 δ share the same molecular function as the AP-3 complex in wild-type plants. Moreover, our fi nding indicates that dysfunction of the AP-3 complex can suppress the loss of function of VTI11 that is involved in membrane traffi cking of the TGN-PVC/ vacuole , Surpin et al. 2003 , Sanmartín et al. 2007 . Consistent with previous reports, these results strongly suggest that AP-3 is involved in membrane traffi cking between the TGN and vacuoles.
Our previous studies on zip1 and vps26a demonstrated that VTI12, a paralog of VTI11, is involved in the suppressive mechanism. zip1 , a missense mutation of VTI12 , altered a SNARE partner of VTI12 and its intracellular localization, resulting in substitution of zip1 -type VTI12 for VTI11 ( Niihama et al. 2005 ) . vps26a is a loss-of-function mutation of VPS26A , a component of the retromer. vps26a mutation may cause missorting of VTI12 to the PVC/vacuole, probably resulting in substitution of VTI12 for VTI11 in vps26a zig-1 (Y. Hashiguchi et al. unpublished) . In both cases, formation of a non-cognate SNARE complex of missorted VTI12 and SYP22 was increased and it may function in traffi cking to vacuoles on behalf of VTI11-SYP22. This mechanism is reasonable because loss of a SNARE is recovered by partially redundant paralogous SNARE. In contrast, VTI12-SYP22 complex formation was scarcely increased in zip4 zig-1 ( Fig. 5 ). This result suggests that an increase of VTI12-SYP22 complex formation is unlikely to be adopted as a suppression mechanism in zip4 zig-1.
Interestingly, all zip4 , ap-3 δ and ap-3 β single mutants showed almost normal plant growth although genes encoding AP-3 subunits are single-copy gene ( Fig. 1J , Supplementary Figs. S4, S5 ). This suggests that AP-3 function is dispensable for plant viability. Alternatively, other APs, e.g. AP-4, might compensate for the loss of AP-3. To elucidate the physiological function of AP-3, further investigation is required.
A missense mutation in AtVPS41 suppresses the zig-1 phenotype.
zip2 is a missense mutation of AtVPS41 ( At1g08190 ) that is a putative ortholog of yeast Vps41p ( Fig. 2 ). Vps41p forms a HOPS complex with Vps11p, Vps16p, Vps18p, Vps33p and Vps39p proteins ( Rieder et al. 1997 , Wurmser et al. 2000 . Vps39p is a guanosine exchange factor (GEF) that activates the vacuolar-specifi c Rab Ypt7 ( Wurmser et al. 2000 ) . Vps41p is a direct effector of Ypt7 and recruits activated Ypt7 to the HOPS complex ( Brett et al. 2008 ) . HOPS can also bind to SNAREs ( Laage and Ungermann, 2001 , Collins et al. 2005 , Stroupe et al. 2006 . Therefore, it is thought that HOPS mediates the transition from tethering to trans -SNARE pairing during fusion. In addition, recent data raise the possibility that HOPS ensures SNARE pairing fi delity (reviewed in Nickerson et al. 2009 ).
Interestingly, the amount of VTI12 co-immunoprecipitated with SYP22 is decreased more in zip2 zig-1 than that in zig-1 ( Fig. 5C, D ) . As reported previously, VTI12-SYP22 complex formation is slightly increased in zig-1 compared with the wild type, probably due to partial incorporation of VTI12 into a SYP22-containing SNARE complex in the absence of VTI11 ( Niihama et al. 2005 ) . The relative amount of VTI12 co-immunoprecipitated with SYP22 of zip2 zig-1 is comparable with that of the wild type. This suggests that partial incorporation of VTI12 in the absence of VTI11 might be inhibited in zip2 zig-1 . Possibly, other Q-SNARE molecule(s) might compete with incorporation of VTI12 into a SYP22-containing SNARE complex in zip2 zig-1 . This competition could be caused by zip2 mutation in HOPS, which possibly has less fi delity for SNARE pairing.
HOPS components are highly conserved in eukaryotes. The Arabidopsis genome also has genes encoding HOPS orthologs as single genes: AtVPS11 ( At2g05170 ), AtVPS16 ( At2g38020 ), AtVPS18 ( At1g12470 ), AtVPS33 ( At3g54860 ) and AtVPS39 ( At4g36630 ) ( Rojo et al. 2003 ) . The AtVPS16 gene has already been reported to be the gene responsible for vacuoleless1 ( vcl1 ), which is defective in vacuole formation, and the homozygous mutant showed the embryonic lethal phenotype ( Rojo et al. 2001 ). In addition, it has been demonstrated that AtVPS11, AtVPS33 and Qa-SNARE SYP22/21 associate with AtVPS16 ( Rojo et al. 2003 ). As we demonstrated here, the fact that zip2 mutation of AtVPS41 suppresses zig-1 implies that AtVPS41 is involved in traffi cking between the TGN and vacuoles. These results suggest that AtVPS41 is involved in vacuole formation and probably has similar functions to yeast counterparts. Although we analyzed the T-DNA insertion mutant of AtVPS41, we could not isolate the homozygous mutant ( Supplementary Table S7 ). Consistently, none of the homozygous T-DNA insertion mutants of other genes encoding HOPS subunits were obtained (Supplementary Fig. S2 ), suggesting that the HOPS complex is essential for plant viability. In contrast, zip2 single mutant plants grow almost normally and exhibit no obvious phenotype ( Fig. 1D ) . The mutation site of zip2 is the highly conserved amino acid within the clathrin heavy chain/ Vps 7-fold repeat domain (Supplementary Fig. S1 ). These facts suggest that this missense mutation alters AtVPS41 function and suppresses the zig-1 phenotype but does not abolish AtVPS41p function.
Possible functional relationship between AP-3 µ and AtVPS41
In zig-1 cells, the loss of function of VTI11 probably causes detrimental effects on the membrane traffi cking toward PVC/vacuoles. Both AP-3 µ and AtVPS41 (HOPS) are thought to be involved in membrane traffi cking toward vacuoles. Although zip2 is a missense mutation of AtVPS41 , both zip2 and zip4 also probably affect traffi cking to the vacuole and have detrimental effects on vacuole functions like zig-1 . Curiously, neither zip2 nor zip4 enhances the zig-1 phenotype, but rather they suppress it. In addition, neither zip4 zig-1 nor zip2 zig-1 is likely to adopt VTI12-SYP22 complex formation as a suppression mechanism ( Fig. 5 ) . Is there any relationship between zip4 and zip2 with respect to the manner of zig-1 suppression?
It has been suggested that yeast Vps41p has two separable functions. As mentioned above, Vps41p is a component of the tethering complex HOPS which is important for vacuolar protein sorting and homotypic fusion of vacuoles ( Price et al. 2000 , Wurmser et al. 2000 , and possibly for control of fi delity of fusion. In addition, Vps41p is required for the biogenesis of vesicles coated by the AP-3 complex, which deliver cargo directly from the TGN to vacuoles ( Rehling et al. 1999 , Darsow et al. 2001 . Vps41p binds directly to the AP-3 δ subunit via its N-terminal domain, and probably homo-oligomerizes via its C-terminal clathrin heavy chain repeat (CHCR) domain. Not only direct physical interaction between Vps41p and AP-3, but also an indirect functional relationship has also been reported in yeast. Vps41p becomes phosphorylated by the vacuolar casein kinase 1 Yck3p ( LaGrassa and Ungermann 2005 ). Yck3p is palmitoylated and transported through the AP-3-dependent pathway from the Golgi to the vacuole ( Sun et al. 2004 ). Phosphorylation of Vps41p by Yck3p results in inhibition of HOPS function ( Brett et al. 2008 , Cabrera et al. 2009 , Hickey et al. 2009 ). Thus, a negative regulator of HOPS (Yck3p) is transported by AP-3 function. It is completely unknown at present whether there are similar physical and regulatory relationships between HOPS and AP-3 in plant cells. Assuming a similar relationship in Arabidopsis, zip2 and zip4 could suppress the loss of function of VTI11 by altering a similar traffi cking pathway. HOPS is a tethering complex possibly functioning in ensuring SNARE pairing fi delity. In addition, AP-3 negatively regulates HOPS function via a kinase such as Yck3. Thus, it is possible that other non-cognate SNARE complexes other than VTI12-SYP22 might be formed under conditions in which HOPS has less fi delity in zip2 zig-1 or is overactive in zip4 zig-1 , resulting in partial substitution for VTI11-SYP22 function in these mutants. Although the precise suppression mechanism is unclear at present, further investigation will provide a new insight into membrane traffi cking in plant cells.
Materials and Methods
Plant materials and growth conditions
The Col-0 accession of Arabidopsis thaliana (L.) Heynh. was used as the wild type. zig-1/sgr4-1 is also a Col-0 accession and zip4 zig-1 was isolated from an M 2 population of zig-1 seeds mutagenized with EMS ( Niihama et al. 2005 ) . ap-3µ-1 , (SALK_015332), ap-3µ-2 (SALK_064486), ap-3µ-3 (SALK_127431), ap-3 δ (SALK_ 069881) and ap-3 β (SAIL_1258_G03) were from the SALK T-DNA insertion collection (Col-0). mRNA expression of each gene in the corresponding mutant was examined by RT-PCR analysis using specifi c primer sets (cZIP4-F1/-R1; beta-F2/beta-R4; and delta-2F/delta-2R; see Supplementary Table S8 for their sequences). Seeds were surface sterilized with 5 % sodium hypochlorite solution and then plated on Murashige-Skoog plates followed by treatment at 4 ° C for 2 d. Seedlings were transplanted and grown on soil (a mixture of vermiculite from Nittai and Metromix G550 from SUN GRO HORTICULTURE covered with Ube Perlite Type I from Ube Kosan) under constant white light at 23 ° C.
Gravitropism assay
To examine the gravitropic responses of infl orescence stems, intact plants with primary stems 4-8 cm in length were placed horizontally in darkness at 23 ° C, as described previously . Photographs were taken at the indicated times, and then stem curvature was measured on the digital image with Image J ( http://rsb.info.nih.gov/ij/ ) as the angle formed between the growing direction of the apex and the horizontal base line.
Mapping of the ZIP2 and ZIP4
Based on the previous study, we had noticed that the Landsberg erecta (L er ) accession contains natural variations that suppress the zig-1 phenotype to some extent. Since they behaved as quantitative trait loci, mapping populations generated by a cross between L er and zip zig-1 mutants should cause confusion. Thus, we fi rst isolated F 2 progeny from a cross between L er and zig-1 , which contained a homozygous zig-1 mutation and exhibited an obvious zig-1 phenotype. This renders suppressive factors in the L er background negligible. Each inbred line was examined with polymorphic markers to select specifi c lines that contained a pair of or a region of chromosomes homozygously derived from L er ( zig-1 L er lines). Meanwhile, we roughly determined both the ZIP2 and the ZIP4 loci on chromosome I by using an F 2 mapping population generated by a cross between zig-3 derived from the Ws accession and zip zig-1 mutants because there is no suppressive factor in the Ws background. To map ZIP loci fi nely, we prepared a mapping population from a cross between zip zig-1 mutants and a specifi c zig-1 L er line containing a homozygous L er region largely derived from the L er ecotype on chromosome I. For fi ne-scale mapping of ZIP2 and ZIP4 , DNA was prepared from approximately 270 and 101 F 2 progeny, respectively. We made cleaved amplifi ed polymorphic sequence (CAPS) markers that can recognize polymorphisms between Col and L er based on information provided by The Arabidopsis Information Resource (TAIR).
Observation using a vertical microscope
Infl orescence stem segments were excised from 5-week-old plants and sectioned longitudinally and manually. The stem segments were held in slide glass chambers as described in Saito et al. (2005) . The sections were observed by a vertical microscope equipped with a confocal scan unit (CSU10) and a fi lter wheel. GFP fl uorescence and chlorophyll autofl uorescence were detected with an ∼500-560 nm and ∼670-700 nm emission fi lter setting, respectively, with 488 nm excitation.
Molecular cloning and plant transformation
For a complementation analysis, the genomic DNA fragments of ZIP2/AtVPS41 ( At1g08190 ) or ZIP4 ( At1g56590 ) including the putative promoter regions and 3 ′ downstream regions were amplifi ed by PCR (primer set: VPS41-F23/ VPS41-R12 or ZIP4-F10/ZIP4-R4) using BAC T23G18 or BAC F25P12 as templates, and then cloned into binary vector pBIN19, respectively. The DNA sequence of each construct was confi rmed by sequencing. The resulting constructs were transformed into Agrobacterium tumefaciens strain GV3101 (pMP90) and introduced into zip2 zig-1 or zip4 zig-1 plants by the fl oral dip method ( Clough and Bent 1998 ) . T 1 plants were selected by resistance to kanamycin. The presence of the transgene in these plants was confi rmed by PCR. The sequences of primers used are indicated in Supplementary  Table S3 .
RT-PCR analysis
Total RNA was isolated from infl orescence stems with the RNeasy Plant Mini Kit (Qiagen, Valencia, CA, USA). cDNAs were synthesized by using SuperScript II reverse transcriptase (Invitrogen, Tokyo, Japan).
Protein extraction and immunoprecipitation
Immunoprecipitation of detergent extracts from the shoots was carried out as described previously ( Niihama et al. 2005 ) .
Supplementary data
Supplementary data are available at PCP online.
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